real-time assessments of natural hazards have been made due to increases in data acquisition rates, sensor resolution, improvement of change detection algorithms, and integration of remote sensing systems. Concurrently, there has been an increase in the ability to predict certain natural hazards using satellite imagery that can be incorporated into early warning systems (Committee on Energy and Commerce, 2005) . Thus it has become increasingly important to examine the accuracy, applications, limitations, and future prospects of remote sensing technology as they relate to natural hazards research (National Research Council, 2007) .
This review of spaceborne satellites and their applications for natural hazards research has three primary objectives. First, we review successfully launched satellites and advances in sensors that have become operational since 2000. Second, we review remote sensing and natural hazards case studies undertaken between 2000 and 2006. In particular, we identify significant advances in the assessment and prediction of natural hazards related to the movements of earth, water, and fi re. Third, we examine the current limitation of remote sensing technologies and identify future directions of natural hazards research.
II Recent satellites and sensors
There have been over 73 successful launches of earth observing satellites between 2000 (ITC, 2007 . Most of these satellites contain passive or active sensors that can be utilized by the scientifi c community for the remote sensing of natural hazards. Passive sensors record refl ected (visible and infrared wavelengths) and emitted energy (thermal wavelengths). Since the year 2000, a number of new high-resolution passive sensors that provide panchromatic, visible, near infrared, and thermal imagery have become operational (Table 1) . Panchromatic imagery contains the entire wavelength of visible light and provides a black and white image similar to a black and white photograph. Currently, spaceborne satellites such as IKONOS 2, EROS, QuickBird 2, SPOT 5, and OrbView 3 can provide panchromatic imagery with 0.6 m to 2.5 m pixel size and have repeat times of 3 to 14 days. These satellites can also provide multi-spectral imagery using individual bands in the visible (blue, green, red) and near infrared wavelengths to provide true color and infrared imagery. The resolution of this multi-spectral imagery ranges from 2.5 m to 10 m pixel size and have repeat times of 3 to 16 days. Shortwave infrared and thermal imagery provide information on temperature and sensors such as ASTER and MODIS have a number of bands that collect this information. Most shortwave infrared and thermal imagery have relatively large pixel sizes of 30 m to 1 km but higher temporal resolution with repeat times of one day. Finally, the Defense Meteorological Satellite Program-Operational Linescan System (DMSP-OLS) and MODIS can provide daily panchromatic nighttime light imagery (500 m) and thermal imagery (1000 m) at a global spatial scale.
Active sensors send and receive an energy pulse to create an image. Radar (Radio Detection And Ranging) is the most commonly used active remote sensing technique and can provide moderate resolution imagery and digital elevation models of the earth's surface. Unlike passive sensors, radar can penetrate cloud cover, providing imagery over a target area both day and night regardless of weather conditions. There are a number of satellites equipped with radar sensors that have been used in the remote sensing of natural hazards (Table 2 ). The pixel size from radar sensors (10 m to 30 m) is signifi cantly larger than data provided by passive sensors. Radar sensors measure microwave backscatter within discrete wavelengths or bands such as the X, C, and L bands. The shortest X (3 cm) and C (5.6 cm) bands reflect off the top of objects on the earth while longer wavelengths, such as the L band (24 cm), are able to penetrate into the vegetation and substrate. Recent satellite missions such as ERS-2, SRTM, and Envisat have provided Table 2 Recent satellites with active sensors can be used in remote sensing research of natural hazards.
Satellite ( high-resolution topography imagery using interferometric synthetic aperture radar (SAR) techniques. Interferometric synthetic aperture radar sends out a microwave pulse and records the refl ected pulse at two points separated by a baseline distance. The resulting parallax can be used to measure elevation with a high degree of accuracy (Metternicht et al., 2005) . These active systems are able to survey large areas due to their larger pixel and swath size but have long repeat times between 24 to 46 days. (2001) examined surface rupture zones after an 8.1 magnitude earthquake in northern Tibet using Landsat, SPOT, and ASTER imagery before and after the earthquake to detect the spatial distribution of the surface rupture zone. These sensors identifi ed a surface rupture zone of at least 400 km long, the longest surface rupture zone ever reported worldwide. Their remote sensing analysis was consistent with ground data and provided a rapid assessment for the detection of seismic surface ruptures. Radar sensors are able to provide highresolution data on the horizontal (1 m) and vertical (10 cm) movement of the earth's surface (Tronin, 2006) . Eguchi et al. (2003) used synthetic aperture radar to determine the extent of the 1999 Marmara earthquake in Turkey that could be utilized in response efforts and resource allocation. Using SAR they were able to determine the difference in elevation between pre-and post-earthquake imagery and rapidly provide post-classifi cation of damaged areas. SAR has also been used to detect building damage in Kobe, Japan (Matsuoka and Yamazaki, 2004) . Using pre-and post-ERS imagery, they developed an algorithm that identified hard hit areas. The improvement of these change detection algorithms can be used for near real-time disaster management.
III Earth

Prediction
Generally, prediction capabilities of spaceborne satellites remain poor given the unpredictable nature of earthquakes. However, vulnerability of landscapes to earthquake hazards can be quantified with fault and demographic data. Mueller et al. (2006) explored the potential utility of satellite images to determine the vulnerability of buildings to earthquakes using IKONOS and QuickBird imagery. They examined features such as building characteristics (material, height, shape), geologic and edaphic conditions, and context (the position of a house in relation to its surroundings). Ouzounov and Freund (2004) demonstrated the potential capabilities of remote sensing technologies to predict an earthquake up to a week before its occurrence based on mid-infrared emissions from the earth's surface. MODIS imagery provides per-pixel temperature and emissivity values that enable researchers to detect land and sea surface temperature anomalies ranging up to 5 C° from mean values. Before the Bhuj earthquake in Gujarat, India, 2001, MODIS imagery was able to detect a land surface temperature anomaly of 4 C° five to six days before the earthquake hit (Figure 1 ). This thermal anomaly was hypothesized to occur due to high levels of rock stress prior to the earthquake. The prediction of mass movements such as landslides, avalanches, and debris flows are significantly easier to predict than earthquakes. Metternicht et al. (2005) provide an excellent review of satellite imagery and landslides. They show how satellite data on topography and slope collected from active sensors and high-resolution data on vegetation cover and geologic substrate from passive sensors can be used in models to predict slope failures.
Figure 1 MODIS detection of a land surface temperature anomaly of 4 C° 5-6 days before the Bhuj earthquake hit in Gujarat, India 2001 from Ouzounov and Freud (2004) .
IV Water
Floods are the most extensive and devastating of all natural hazards (Sanyal and Lu, 2004) . Past studies have employed Landsat and SPOT imagery in conjunction with radar imagery to determine fl ood extent and damage (Profeiti and MacIntosh, 1997; Sado and Islam, 1997; Sanyal and Lu, 2005) . Currently, satellite imagery can play an important role in both the post-disaster assessment and high-resolution predictive maps of flood vulnerability areas.
Assessment
High-resolution satellite imagery was widely employed in assessing damage caused by the 2004 Indian Ocean tsunami (Borrero, 2005; Chen et al., 2005; Ghosh et al., 2005; Miura et al., 2006) . SPOT images were used in conjunction with IKONOS images for ground-truthing and change/damage detection to allow for rapid disaster response and assessment through measurements of tsunami inundation depth, run-up height, and area of affected land (Chen et al., 2005) . Borrero (2005) combined QuickBird imagery and digital elevation models to assess the run-up height (elevation above sea level), inundation distance, shoreline erosion, and co-seismic subsidence of the tsunami in Banda Aceh, Sumatra. Run-up heights were estimated during the initial survey in excess of 25 m. This value was later confi rmed by comparing the inundation line inferred in satellite images to digital elevation data on the coastal topography. This suggests satellites could be directed to image affected regions in the future and guide emergency response, allowing for more focused damage assessment and field measurements (Borrero, 2005) . Indeed, IKONOS imagery of Sri Lanka was able to successfully quantify damage levels of individual buildings after the 2004 Indian Ocean tsunami (Figure 2) . Washed away and completely collapsed buildings showed good agreement with actual damage; however, it was diffi cult to distinguish partially collapsed Figure 2 Evaluation of building damage (washed away a-2, totally collapsed b-2, partial collapsed c-2, slightly damaged d-2) after tsunami damage in the eastern part of Sri Lanka using remote sensing technique from Miura et al. (2006) . buildings from slightly damaged buildings (Miura et al., 2006) . Sanyal and Lu (2004) (Sanyal and Lu, 2004) . Radar imagery has been used in flood damage assessment to discriminate between flooded and non-flooded areas (Townshend and Walsh, 1998; Brivio et al., 2002) . Change detection from comparisons of pre-and post-disaster radar images can be used to illustrate the extent of affected land. Kiage et al. (2005) used Radarsat-1 SAR imagery and found significant differences between pre-and post-Hurricane Lili impacted areas in the coastal lowlands of Louisiana. However, SAR imagery was unable to map water levels in urban areas after Hurricane Katrina due to a large amount of backscatter from buildings (Kiage et al., 2005) .
Prediction
The prediction of natural hazards such as storms and hurricanes has long been a central theme in satellite remote sensing. The fi rst earth observation satellites were launched specifi cally to monitor weather phenomena in the 1960s. Today, weather satellites like GOES provide imagery of storm and hurricane tracks in North America every 15 minutes. Recently developed high-resolution satellites are becoming near real-time and can quantify wind speed, sea level height, and liquid water within and below the clouds (Kastaros et al., 2002) . SAR images of the ocean can identify areas of high surface winds that may indicate formation of tropical storms and SAR-derived wind data on ocean surface can also provide information regarding storm intensity and asymmetry (Kastaros et al., 2002) . In addition to storm monitoring technology, there have been great advances in prediction of flood damage via flood hazard maps of vulnerable gradients. Although hurricanes or high rainfall fl ood events are not always predictable, the movement of water over the landscape is easy to quantify and predict based on features such as slope, topography, and roughness (Sanyal and Lu, 2005) . Flood severity is determined by the height of inundation, which can be extracted from digital elevation models. The accuracy of digital elevation models required for such analyses were often not available for rural regions within developing countries that are prone to monsooninduced flooding (Profeiti and MacIntosh, 1997; Sado and Islam, 1997) . However, the 2001 Shuttle Radar Topography Missions provides 90 m resolution data on elevation at a global spatial scale. Currently, the delineation of fl ood zones and vulnerability maps has been undertaken on a large scale Lu, 2004, 2005) . High-resolution imagery of topography and land use classifi cations has also been used to predict fl ood risk. Van Der Sande et al. (2003) combined high-resolution land cover data from IKONOS, digital elevation models, and fl ood simulation models to provide fl ood damage assessments in the Netherlands. IKONOS imagery was used in combination with object segmentation software to increase the accuracy of the image classifi cation and create simulations of fl ood fl ow velocity. Ultimately, the fl ood maps derived from the IKONOS imagery were more accurate in comparison to maps created from other sources such as the EU CORINE dataset (Van Der Sande et al., 2003) . Technologies with the capacity to predict tsunamis are of great signifi cance following the 2004 Indian Ocean tsunami. Lipa et al. (2006) demonstrated that radar systems have the capability to detect offshore tsunamis well before the tsunami wave hits the coastline. These radar systems are able to monitor ocean surface currents and waves up to 200 km from the location of the radar.
V Fire
In the year 2005, there were 66,552 wildfi res in the United States that cost $875,713,000 to control (NIFC, 2005) . Satellites such as NOAA, SPOT, and Landsat have been used in the past to map fire location and extent of fi re damage using the visible wavelengths (Li et al., 1997; Fuller, 2000) . However, recent spaceborne sensors are able to provide near real-time data on global fires and physical geographic variables used in predictive fire behavior models.
Assessment
A major objective in the remote sensing of fire from spaceborne sensors has been to obtain accurate measurements of the spatial and temporal distribution of burn areas and active burning on a global scale (Fuller, 2000) . For the near real-time assessment of fire, thermal bands from the MODIS sensors have proven relatively successful (Justice et al., 2002) . MODIS offers fi re products that give the locations of active burning fi res and identify the extent of burns over different time periods (Justice et al., 2002) (Figure 3) .
MODIS also provides eight-day binary fire detection products that can map fires within a 2 km by 1 km area (Giglio et al., 2003; Quayle et al., 2004) . In Zhan et al. (2002) , the applicability of MODIS Level 1B 250m resolution images were used to assess areas burned by the Idaho-Montana wildfires in 2000. The Vegetative Cover Conversion product, which was designed to serve as an alarm to indicate regions where vegetative cover conversion may have occurred, was applied to MODIS imagery of the fi re regions. This study demonstrated that remote sensing can identify burned areas at a higher spatial resolution than the traditional methods employed by the United States Forest Service. However, these fire products still need to be validated at a global spatial scale (SanMiguel-Ayanz et al., 2005) . Csizar et al. (2006) compared coincident ASTER and MODIS imagery for fires in both Siberia and the Amazon. They demonstrated that ASTER could identify and delineate fire three to five times more accurately than MODIS imagery. However, ASTER is an on-demand sensor, so global real-time data are not yet available. The Defense Meteorological Satellite Program-Operational Linescan System (DMSP-OLS) provides nighttime fi re data at 560 m pixel resolution. For forest fires in India, DMSP-OLS has been shown to be 98% accurate when validated against ground observations (Kiran Chand et al., 2006) . This nighttime sensor combined with MODIS daytime sensors can greatly increase accuracy of fire detection (Justice et al., 2002) . However, Stolle et al. (2004) compared eight fi re dataset, including DMSP-OLS and MODIS, at 10 km by 10 km pixel resolution every 10 days in Indonesia. They showed that these dataset still have high omission errors and more than two-thirds of the fires detected by one dataset were not detected by any other dataset. Oertel et al. (2004) used a Bi-spectral InfraRed Detection (BIRD) microsatellite over Benin, West Africa, and detected fi res with active burning areas less than a 100 m 2 . They were also able to quantify important characteristics of these fi res such as radiative fi re energy release and the effective fi re temperature.
Radar has also been very effective in near real-time mapping of fi re because radar sensors (2002) can penetrate clouds, haze, and thick smoke (Huang and Siegert, 2006 ). An analysis on ERS SAR images of fi re burn scars in Alaskan forest conducted by Huang and Siegert (2006) demonstrated that non-burnt forests have lower backscatter signals than burnt forests and can be useful in detecting burned areas. In East Kalimantan, multi-temporal SAR images from ERS-2 were used to map burn scars (Siegert and Hoffman, 2000) . They found SAR imagery could complement current fi re monitoring systems and provide data at a resolution 900 times higher than NOAA/ AVHRR satellites.
Prediction
In Europe, only 5% of forest fi res are started by natural causes and most are detected by ground-based systems such as towers and mobile observers (San-Miguel-Ayanz et al., 2005) . Although satellite remote sensing cannot be used to predict fi re ignition from arson and negligence, fire prediction has progressed in the form of wildfi re behavior models. There are a number of fi re prediction models such as FARSITE that can model fire patterns within a landscape (Finney, 1998) . These models require high-resolution data on physical geographic variables such as weather (moisture indices, wind speeds), vegetation characteristics (live and dead fuel loads in grasslands, shrublands, and forests) and land use to predict fire behavior and intensity (Anderson et al., 2005) . Satellite imagery can be used to quantify a number of these variables (Fuller, 2000; Boyd and Danson, 2005) . Radar imagery from ERS-1 and RADARSAT have been used to predict the potential for fires based on fuel loads and fuel moisture; however, there is still signifi cant noise in quantifying these variables from radar sensors and further tests are needed (Leblon, 2005) .
VI Limitations
Although the use of satellite imagery in natural hazards damage assessment and prediction can be very cost and time effective, some limitations still exist. Atmospheric interferences in the form of clouds, haze, and smoke present a signifi cant problem in passive optical imagery analysis because they block parts of the image and can cause distortions (Zhan et al., 2002) . Often, these clouded and shadowed areas must be excluded from damage assessment analyses, resulting in gaps in the data. Active sensors can avoid this problem but there are still significant limitations due to large pixel sizes, classification accuracy, and revisit times (Sanyal and Lu, 2004) . The temporal resolution of active and passive sensors can also pose a problem for the damage assessment of natural hazards in near real-time. Although sensors such as MODIS have a daily revisit time, other sensors on satellites such as QuickBird and IKONOS have longer revisit times. Earthquakes, landslides, and floods can occur very rapidly and the peak of the disaster may only persist for a few hours, so the most severe point of a disaster may not be captured (Sanyal and Lu, 2004) . Although open access satellite images are significantly changing our response to natural hazards, the resolution on these images can be high enough to be a national security risk (Butler, 2005; Nourbakhsh et al., 2006) . In an effort to help disaster relief after the 8 October 2005 earthquake in Kashmir, Pakistan, numerous international aid agencies posted high-resolution satellite images on the web. However, the Pakistan government forced the removal of these images because they feared the security of the Kashmir region might be compromised. Finally, there is still a need to increase the ability of disseminating data that can be integrated with demographic and socioeconomic data for risk mitigation planning and disaster response (Duda and Abrams, 2005; Tralli et al., 2005; National Research Council, 2007) .
VII Future directions
A satellite that contained 1 m resolution passive sensors (visible, infrared, and thermal bands), active sensors that recorded elevation to within 1 cm, and a repeat time of one hour would signifi cantly improve our ability to assess and predict natural hazards. Such a satellite is not likely in the near future, but remote sensing of natural hazards appears to be headed towards an increase in microsatellites, increased pixel resolutions, increased repeat times, and an increase in the integration of satellites. New satellites and constellations of satellites will be launched in the next fi ve years (Table 3 ). The Disaster Monitoring Constellation (DMC) will consist of five satellites, operated by the Chinese, British, Algerian, Nigerian, and Turkish governments, and will provide emergency imagery comparable in resolution to the Landsat series (Wooster, 2007) . Rapid Eyes, a constellation of five satellites with five multi-spectral bands at 6.5 m pixel resolution, will have a repeat time of one day. By the year 2010, if these satellites are successfully launched and current sensors are operational, we estimate that fi ve panchromatic images of 2.5 m or less and eight multi-spectral images of 10 m or less will be available daily (ITC, 2007) .
There are also a number of active sensors that will significantly improve damage assessment (Table 3) . Cosmo/SkyMed is a constellation of four satellites that will be launched in 2007 and provide high-resolution radar data at 1 m and a repeat time of fi ve days. This can be used to create global benchmarks on the topography of the earth's surface and populated regions. After a natural hazard, these benchmarks can rapidly be compared to post-natural disaster imagery to assess damage in near real-time. A number of regional disaster centers have been developed that provide local, state, federal, and regional emergency managers with remote sensing data and tools to aid in response and recovery (Laben, 2002; National Research Council, 2007) . These advances in satellites, sensors, and data distribution should significantly improve our ability to assess and predict natural hazards over the next fi ve years.
Table 3
Spaceborne satellites with passive and active sensors that will be launched in the next fi ve years. 
